Introduction
The tropical Pacific is a region in which the El Niño and Southern Oscillation (ENSO) occurs frequently with a preferred 2-7-year period, inducing large-scale climate variability worldwide (e.g., Bjerknes 1969; Cane and Zebiak 1985) . In recent decades, great progress has been made in ENSO mechanism understanding, theory development and numerical modeling. For example, positive feedbacks are identified that can explain the development of ENSO events involving interactions among the surface winds, sea surface temperature (SST) and the thermocline in the tropical Pacific (the thermocline feedback; e.g., Jin and An 1999). To interpret the ENSO's cyclic nature, various negative feedback processes have also been proposed, including a delayed oscillator paradigm associated with Rossby wave reflections at the western boundaries of the tropical Pacific (Schopf and Suarez 1988; Battisti and Hirst 1989) .
Abstract
An improved intermediate coupled model (ICM) is described for use in ENSO-related modeling in the tropical Pacific, with ten baroclinic modes included in the vertical and horizonatally varying stratification taken into account. One crucial component of the model is the way in which the subsurface entrainment temperature in the surface mixed layer (T e ) is explicitly used to determine the sea surface temperature (SST) variability. An optimized procedure is developed to depict T e using inverse modeling from an SST anomaly equation and its empirical relationship with the sea surface pressure variability. The coupled system realistically produces interannual variability associated with ENSO cycles, with a dominant 4-year oscillation. The onset and development of El Niño events from this ICM are examined in view of the well-known delayed oscillator paradigm; an example is given for the evolution of La Niña conditions in model year 2 to El Niño conditions in year 4. Right after a La Niña event (e.g., in year 2), there is a clear signature of reflections at the western boundary in early year 2, with related equatorial signals propagating eastward along the equator into the eastern basin in middle year 2. However, these reflected signals on the equator do not directly lead to an onset of an El Niño event at that time. Instead, approximately 1-year delay, a major El Niño event is seen to develop in the following year (late year 3), at a time Various models with different complexities have been developed for ENSO studies, including intermediate coupled models (ICMs), hybrid coupled models (HCMs), and fully coupled general circulation models (GCMs). Coupled models can reasonably well depict the interannual variability that is associated with ENSO in the tropical Pacific (e.g., McCreary and Anderson 1991; Neelin et al. 1992; Ji et al. 1998) . Nevertheless, the equatorial Pacific Ocean remains an area in which pronounced differences exist between observations and simulations, with systematic model biases. For example, obvious discrepancies exist in ocean GCM (OGCM) simulations, including a model thermocline that is too diffuse, with a weak vertical gradient of temperature (e.g., Zhang and Endoh 1992; Stockdale et al. 1993) . Furthermore, OGCM-based coupled simulations commonly have an unrealistic structure of interannual SST variability with underestimated SST anomalies over the eastern equatorial Pacific. Additionally, the actual system is characterized by interannual oscillations with a main period of 4-5 years, but some coupled GCMs favor a quasibiennial oscillation accompanied by the predominance of the westward propagation of simulated SST anomalies over the eastern and central equatorial Pacific (e.g., Latif et al. 2001) . Physically, processes that are not well represented in current OGCMs include subsurface thermal effects on SSTs in the central and eastern equatorial Pacific (e.g., Zhang and Zebiak 2002) .
Subsurface thermal effects on SSTs are represented by vertical mixing/diffusion processes, which are associated with the temperature of subsurface waters entrained into the mixed layer (T e ) and vertical diffusivity coefficients (K v ) . In ocean models, the vertical mixing/diffusion processes are generally parameterized using large-scale oceanic fields, with some adjustable parameters (e.g., K v ). Previously, great efforts have been exerted in determining how vertical diffusivity coefficients are determined, including the K profile parameterization (KPP)-scheme (Large and Gent 1999) . Inevitably, uncertainties exist in estimating these coefficients that are used for ocean models. Note that model representations for subsurface thermal effects on SSTs through vertical mixing/diffusion terms are related to both the vertical diffusivity coefficients and the entrainment temperature (T e ) fields. Indeed, various observations and modeling studies have indicated that the water entrainment into the surface layer through the base of the mixed layer is the primary process that is responsible for mean SST climatology and its variations in the tropical Pacific (e.g., Zebiak and Cane 1987; Kleeman 1993; DeWitte et al. 2002) .
To improve SST simulations, we focused on the temperature of subsurface waters entrained into the mixed layer (T e ). For instance, an optimized framework is developed to depict T e in two steps (Zhang et al. 2005a) . First, inverse modeling is used to determine the T e using an SST anomaly equation, giving rise to a subsurface effect on SST that is balanced with the other terms in the heat budget of the mixed layer. Second, T e is parameterized from the sea surface pressure (SSP, which is equivalent to the sea level (SL)) variability because thermocline fluctuations are a major source of T e anomalies in the equatorial Pacific. Then, given an SSP anomaly, T e can be optimally determined to calculate the SST anomalies. As this approach leads to an optimized representation of the T e fields in balancing other dominant terms influencing the SST budget, an improved SST simulation is achieved.
Then, we constructed an intermediate coupled model (ICM) consisting of a statistical atmospheric wind model, an intermediate dynamic ocean model that was developed by Keenlyside and Kleeman (2002) , an SST anomaly model, and an T e model. The ICM can depict interannual variability very well with a dominant 4-year oscillation period (e.g., Zhang et al. 2003 Zhang et al. , 2005b . Since 2003, this model has been used for routine ENSO prediction with pronounced success (Zhang et al. 2013) . In addition, this T e -based framework has also been applied to OGCM-based HCM simulations and ENSO predictions (Zhu et al. 2011 (Zhu et al. , 2012 .
Although the ICM has been used for various modeling studies in the past decade (including the role of decadal T e variability in modulating ENSO and real-time ENSO prediction; Zhang and Busalacchi 2005; Zheng et al. 2007 Zheng et al. , 2009 Zhang et al. 2008) , its detailed description is still lacking. In addition, the mechanisms for ENSO onset and development in this ICM have not been clearly delineated. Some specific questions remain to be addressed as follows. How is interannual variability generated in the ICM? What are the relationships among the oceanic and atmospheric anomalies that give rise to ENSO events? Are the ENSO processes that are represented in the ICM consistent with those that are described by the delayed oscillator mechanism? What is the role that is played by T e in the simulated ENSO evolution in the ICM?
This article is organized as follows. Section 2 describes the model and some of the observational data that are used in this work. Section 3 provides a description of the interannual variability as simulated in the ICM, followed by a heat budget analysis for the interannual SST variability in Sect. 4. A conclusion and discussion are given in Sect. 5.
Description of an intermediate coupled model (ICM) and various data sets that were used
An ICM is constructed for the tropical Pacific, consisting of an intermediate ocean model (IOM) and anomaly models for T e , SST, and wind stress (τ). Readers can find more details regarding the IOM in Keenlyside and Kleeman (2002) and regarding an empirical T e model in Zhang et al. (2005a) .
An ocean dynamical model
An intermediate ocean model was developed by Keenlyside and Kleeman (2002) . The dynamical component of this model consists of linear and non-linear parts. The former is an extension of the McCreary (1981) modal model, with further consideration of the horizontally varying background stratification and partial non-linear contributions. Computationally, the linear component is solved through a modal decomposition approach in the vertical (ten baroclinic modes are retained, and the combined effects of higher baroclinic modes from 11 to 30 are included, and are represented only in the two surface layers). The non-linear components are highly simplified as residual terms in the momentum equations, taking into account corrections that are made to the solution where the linear assumption breaks down in the equatorial region. The non-linear part is solved only within two surface layers as forced by the linear part through nonlinear advection terms. The linear and non-linear components produce dynamic ocean fields, including horizontal currents in the surface mixed layer, vertical velocity at the base of the mixed layer (entrainment velocity), and ocean pressure fields. The dynamical core of the ocean model has been designed such that the model run can be performed in either its full version (producing total ocean fields) or its anomaly version (directly producing an anomaly field relative to the prescribed ocean climatology). In its anomaly version, a model variable is separated into its climatological part and its interannual anomaly part. The former is obtained by forcing the ocean model using mean climatology winds; the latter is produced by the anomaly ocean model being forced directly by anomaly winds, with seasonally varying model climatological fields being specified.
The ocean model domain covers the tropical Pacific and Atlantic basins from 31.0°S to 31.0°N and from 124°E to 30°Ε, with a realistic representation of continents (only the results from the tropical Pacific basin are presented in this study). This model has horizontal resolution of 2° zonally and a varying grid meridionally (stretched from 0.5° within 10° of the equator to 3° at the meridional northern and southern boundaries). Vertically, the ocean is assumed to have a 5500-m flat bottom. The linear component has 33 levels in the vertical at the standard ocean levels that are defined by Levitus (1982) , with 8 levels in the upper 125 m. The effects of the non-linearity and high-order baroclinic modes are considered only for two layers, which span the upper 125 m with a surface mixed layer whose depth is prescribed from the Levitus annual-mean temperature and salinity data in terms of a stability criterion.
An SST anomaly model with an empirical representation of T e
An SST anomaly model is embedded into the ocean dynamical component. The governing equation of this model describes the evolution of interannual temperature anomalies over the surface mixed layer, driven by ocean horizontal and vertical advections due to both of the mean currents specified and the anomaly currents simulated directly from the ocean model. The depth of the surface mixed layer is spatially varying, and is prescribed as annual-mean field from the Levitus data. The surface heat flux is parameterized as being negatively proportional to local SST anomalies, with the thermal damping coefficients having a value of 100 day −1
. In order to close the SST equation, subsurface entrainment temperature (T e ) fields need to be determined from other directly predicted ocean variables in the model. Data analyses and modeling studies indicate that interannual variations in sea surface pressure (SSP, which is equivalent to sea level) and T e are well correlated over the tropical Pacific (e.g., Meinen and McPhaden 2000; Kumar and Hu 2014) . The origin of these correlations is the strong influence of ocean dynamical adjustments on T e (and SST) in the equatorial Pacific regions. The ocean dynamical adjustments in response to winds are characterized by the vertical displacement of the thermocline, which is a primary process that causes changes in the entrainment temperature at the base of the mixed layer. Thus, thermocline fluctuations can have a direct and immediate effect on T e in the equatorial Pacific. This understanding provides a physical guidance for developing a T e parameterization being represented as a response to changes in thermocline variability. We developed a non-local empirical scheme to parameterize T e in terms of thermocline variability. For example, a relationship between T e and SSP anomalies has been empirically derived from historical data (Zhang et al. 2005a) .
As previously examined, T e is a major source for SST variability in the equatorial Pacific on interannual time scales. To optimize SST simulations with a given SST anomaly equation, we have developed an empirical procedure to represent the T e field for use in the ICM. First, a long-term T e anomaly field (e.g., from 1962 to 1998) is obtained from the inverse modeling of the SST anomaly equation in which the SST fields and its tendency are specified from observations and the mean and anomaly currents are modeled from the ocean model. Then, a relationship between T e and SSP (as obtained from ocean model simulation) is derived using a singular value decomposition (SVD) analysis, which is performed on all of the time series data regardless of seasonal variations (Chang et al. 2001; Zhang et al. 2005a) . With the SVD technique, an SSP anomaly pattern (an ocean model variable) from ocean simulations can be projected onto the SSP component of the T e -SSP modes with the first five SVD modes included. The corresponding T e anomalies are then estimated for use in the SST anomaly model. This T e parameterization presents an effective way to significantly improve the performance of the SST simulations because T e is a driving source for interannual SST variability, serving to represent subsurface effects that are associated with thermocline fluctuations.
Note that we emphasized the importance of T e in the ENSO evolution in which T e is statistically expressed by SSP in the model. As well known, SSP is largely associated with thermal condition of whole ocean column (or mixedlayer), and ocean subsurface entrainment across the thermocline layer is just one of processes affecting the thermal condition and T e . In other word, through parameterizing T e , the variation of thermal condition of the mixed-layer is introduced into the model. As indicated in the observations (e.g., Meinen and McPhaden 2000; Kumar and Hu 2014) , the variation of thermal condition in the mixed-layer statistically leads Nino3.4 SST anomalies by 1-3 seasons. This non-local relationship with lead-lag correlation between the SSP and T e is well represented in the T e parameterization using statistical method based on historical data. Detailed discussion about the physics behind the T e parametrization can be found in Zhang et al. (2005a) .
A statistical atmospheric model for interannual wind stress (τ) anomalies
The atmospheric model that was adopted in this work is also a statistical model, taking into account an empirical feedback response of wind stress (τ) to SST anomalies. This response is also estimated using an SVD of the covariance matrix as calculated from the observed time series of monthly mean SST and τ fields (e.g., Syu et al. 1995; Chang et al. 2001) . In this study, we perform a combined SVD analysis of the covariance among the anomalies of SST and zonal and meridional wind stress. As previously demonstrated (e.g., Barnett et al. 1993) , the performance of such statistical τ models depends on the seasonality of the surface wind variability. Two ways of such SVD analyses are tested in the statistical modeling of τ. One SVD analysis is conducted on all of the time series data regardless of seasonal variability; therefore, we have one τ model for all calendar months. Another analysis is performed separately for each month to take into account seasonal variability; so we have 12 τ models for the twelve calendar months (i.e., seasonally dependent models for January, February, etc.). Additionally, the model performance depends on factors, such as the truncation number for the retained SVD modes (e.g., Barnett et al. 1993; Syu et al. 1995) . In the consideration of the sequence of the SVD singular values (Zhang et al. 2005a ) and some reconstruction tests from the observed SST anomalies to reconstruct τ anomalies with a reasonable amplitude, the first SVD modes are retained. With the SVD technique, an SST anomaly field from ocean simulations can be projected onto the SST component of the constructed τ-SST modes. The corresponding τ anomalies are then estimated to drive the ocean model. Figure 1 illustrates the model components that exchange the anomaly fields within the coupled system. At each time step, the dynamical ocean model calculates anomalous current fields and ocean pressure fields (including SSP anomalies). Using the T e model, T e anomalies are estimated from the SSP anomaly. The dynamical ocean model produces the ocean current fields at the 33 standard vertical levels, which are used to obtain the corresponding currents over the surface mixed layer and anomalous vertical velocity at the base of the mixed layer. Then, SST anomalies are calculated using the simulated and prescribed oceanic currents, the T e anomalies and the prescribed climatology of the mean SST and vertical gradient of temperature. Using the τ model, the resultant SST anomaly is used to determine wind anomalies, which are used to force the ocean dynamical model. Information is exchanged once daily between the atmosphere (τ) and the ocean (SST); the T e anomaly field is also updated once daily from the SSP anomaly for use in the SST anomaly model. Note that interannual SST anomaly is directly produced from its anomaly model at each model time step. The ICM is initiated with an imposed westerly wind anomaly for eight months. The evolution of anomalous conditions thereafter is determined solely by the coupled ocean-atmosphere interactions in the system. In this coupled system, the two dominant forcing fields (τ for the ocean and T e for the SST) are both determined by SVD analyses. The amplitude of the calculated T e and τ variabilities can be further re-scaled. For example, as examined previously in numerous studies (e.g., Neelin and Jin 1993; Syu et al. 1995) , coupled behaviors are sensitive to the so-called relative coupling coefficient (α τ ), a scalar parameter that is introduced to reasonably represent the τ anomaly intensity from the atmospheric τ model. Similarly, the T e anomalies from the SVD-based T e model can be multiplied by a scalar parameter (α Te ) that is referred to as the relative thermocline coefficient. Several tuning experiments have been performed with different values of α τ and α Te to examine the coupled variability. Values of α τ = 1.0 and α Te = 1 produce very strong anomalies in the model; values of α τ = 0.87 and α Te = 1 produce a reasonable interannual variability with an oscillation period of 4 years. A further decrease in α τ and α Te produces a damping oscillation, but the oscillation period does not alter very much. In this study, we show the most realistic results by taking α τ = 0.87 and α Te = 1.0 for numerical experiments.
The coupling procedure

Observed and simulated data sets and analysis procedures
Various data that were observed and simulated are used to construct the two empirical models for τ and T e . The observed SST data are from Reynolds and Smith (1994) . The wind stress anomaly data that were used to construct the SVD-based τ model are the 24-member ensemble mean from ECHAM4.5 AMIP runs, each of which is forced by observed SST anomalies from 1950 to 1999. The ensemble mean data are used in an attempt to enhance the atmospheric response signals to external SST anomalies and to reduce the atmospheric noisy effect on the tropical coupled system. Interannual SSP anomaly fields are produced from an ocean-only integration from 1962 to 1999 that is forced by observed interannual wind stress anomalies from the NCEP/NCAR reanalysis (Kalnay et al. 1996) . Interannual T e anomaly fields are estimated from an inverse modeling of the SST anomaly equation as follows. First, the dynamical ocean model is forced by climatological winds from the NCEP/NCAR reanalyses to obtain the mean current fields. Then, an interannual run is performed that is forced by the NCEP/NCAR wind anomalies, from which interannual ocean current and ocean pressure anomaly fields are obtained. Finally, the anomaly T e field is estimated from the inversion of the SST anomaly equation using observed SST fields and tendency from Reynolds and Smith (1994) , and simulated mean and anomaly currents. These observed and/or model-derived anomaly fields are used to construct the two empirical models (T e and τ).
For the T e model, the SVD analysis is performed between T e anomalies (from the inverse modeling) and SSP anomalies (from the ocean dynamical model) from 1963 to 1996 (totaling 34-years of data). For the τ model, the SVD analysis is performed during the same period between observed SST anomalies (Reynolds and Smith 1994) and τ anomalies (the 24-member ensemble mean from the ECHAM4.5 AMIP runs).
Interannual variability
The ICM can depict well the interannual variability that is associated with ENSO (Zhang et al. 2003 (Zhang et al. , 2005b . When analyzing processes that give rise to El Niño events, it is found that the mechanism for El Niño onsets from this ICM is different from that indicated by the delayer oscillator paradigm which directly involves the reflection processes at the western boundary of the tropical Pacific (e.g., Schopf and Suarez 1988) . Instead, a clear T e anomaly pattern is seen off and on the equator in the western tropical Pacific, which in due course acts to initiate a warm SST anomaly along the North Equatorial Countercurrent (NECC) path near the date line. As the SST anomalies are generated, wind anomalies can be reasonably considered as a corresponding response, thus inducing coupled interactions between the ocean and atmosphere in the ICM and leading to an onset of El Niño. These related analyses are presented in this section.
The space-time evolution
Figure 2 displays the time series of simulated SST anomalies for the Niño1 + 2 and the Niño3 regions, and zonal wind stress anomalies for the Nino 4 region. The ICM depicts a pronounced interannual oscillation with an approximately 4-year period: warm and cold SST anomalies are sustainable approximately 1 year over the central and eastern equatorial Pacific. There is no clear phase lag between the SST variations at the Niño1 + 2 and Niño3 regions.
Figures 3 and 4 present the longitude-time sections of interannual anomalies along the equator for SST, zonal wind stress, sea surface pressure (SSP) and T e . Corresponding to observations (e.g., Zhang and Levitus 1997; Meinen and McPhaden 2000; Kumar and Hu 2014) , the time scale, variability structure and coherent phase relationships among these anomalies are well represented in the ICM. The SST anomalies from this ICM (Fig. 3a) have a reasonable structure and amplitude over the central and eastern equatorial Pacific, with a dominant standing pattern on the equator. While the fluctuations in SST (Fig. 3a) are largest over the central and eastern equatorial Pacific, those in surface winds (Fig. 3b) are dominantly located over the western and central equatorial regions. At the peak of El Niño events, large warm SST anomalies (approximately 2 °C) cover the central and eastern equatorial basin, accompanied by westerly wind anomalies in the west (Fig. 3) . One notable feature is that the zonal wind stress anomalies over the western Pacific appear sequentially with two separate signals. For example, one westerly wind anomaly emerges in the far western region in the model in early year 2 (which is limited to the regions only west of 160°E) and persists for a few months (Fig. 3b) . Then, another westerly wind anomaly emerges in the midbasin (150°E-170°E) in early year 3 (Fig. 3b) , which is associated with the appearance of a warm SST anomaly near the date line (Fig. 3a) . These wind and SST anomalies then amplify rapidly while they propagate eastward along the equator. During the development of El Niño and La Niña events, the zonal wind anomalies, which emerge over the western Pacific, exhibit an eastward migration into the central basin, a feature that is also observed in nature (e.g., Zhang and Levitus 1997) . Similar to the SST anomalies, subsurface thermal variations in the ocean, as represented by T e (Fig. 4a) , exhibit a well-defined pattern of evolution during ENSO cycles, with large variability in the central and eastern equatorial Pacific.
Interannual SSP anomalies display coherent zonal propagation on and off the equator across the basin (Figs. 4b,  5a, c) . It is interesting to note that during the onset and development of ENSO events, SSP variations on the equator indicate two sequentially propagating signals that are of different origins. Using the model's early years 2 and 3 as an example, the first positive SSP anomaly signal originates from the western boundary in early year 2 and then propagates across the equatorial Pacific, arriving at the eastern equatorial Pacific in the middle of year 2 (Fig. 4b) . The second positive SSP anomaly signal emerges in the midbasin near 140°E in early year 3 (Fig. 4b) and shows eastward propagation along the equator while increasing its amplitude; it arrives at the eastern equatorial region in middle year 3 when large surface warming takes place and develops into an El Niño through late year 3 and early year 4 (Fig. 4a) . These SSP anomalies on the equator (Fig. 4b) are closely related to those off the equator (Fig. 5a, c) , with coherent zonal propagation serving to carry on the ocean memory around the basin. After the El Niño event in year 0, for instance, large positive SSP anomalies propagate westward off the equator over the eastern and central Pacific in year 0 (Fig. 5a) . In late year 1 and early year 2, the large positive SSP anomalies are seen at 6°N over the far western Pacific (Fig. 5c ) that can be clearly traced to the eastern basin in year 0 in the off-equatorial regions at 10°-15°N (Fig. 5a ). As there are clear differences in the space-time structure of interannual SSP anomalies at 6°N (Fig. 5c ) and at 10°N (Fig. 5a ), we chose these latitudinal domains to represent subsurface anomaly characteristics off and on the equator during ENSO evolution. Coherent relationships exist between the interannual anomalies of SSP, T e and SST as shown in Fig. 6 for their time series off and on the equator. As examined with Fig. 4b , the SSP variations exhibit a double peak structure during ENSO cycles. For example, two positive SSP anomaly peaks are seen off the equator at 5°-10°N over the western-central Pacific in late years 1 and 2 (Fig. 6a) ; these two peaks correspondingly appear on the equator in early years 2 and 3 (Fig. 6b) , with the first peak showing a clear lead-lag relation off and on the equator (an indication of reflections at the western boundary). As the SSP anomalies propagate around the basin, coherent T e and SST anomalies emerge. In association with SSP anomalies, T e anomalies on the equator (Fig. 4a) propagate eastward in the western Pacific along the equator, and are followed closely by variations in SST, with almost instantaneous phase relations between these two anomaly fields. Off the equator, interannual T e anomalies exhibit a slowly varying pattern in the central tropical Pacific (Fig. 6a) , with its slightly delayed variation relative to SSP anomalies. Note that the off-equatorial surface warming near the date line in late year 2 and early year 3 (Figs. 5d, 6a ) results from the positive offequatorial T e anomalies (Figs. 5b, 6a) , which are related to the second positive SSP anomaly that appears off the equator in late year 2 (Figs. 5c, 6a) . Also note that changes in SST off the equator near the date line closely follow those in T e (Fig. 6a) , with a slight phase lag of the former relative to the latter, indicating that vertical mixing may take time to transfer the information of the thermocline displacement to temperature anomalies at the sea surface.
To illustrate the space-time evolution in more detail, Figs. 7, 8 and 9 show the snapshots of related anomaly fields at different periods during El Niño/La Niña transitions. These maps, at 3-month intervals, start with La Niña conditions in year 2, proceed to a transition condition through year 2, and continue to an El Niño condition in years 3 and 4, respectively. Their spatial structure and phase relationships can be more clearly illustrated at the different stages of an ENSO cycle. In early year 2, La Niña conditions prevail in the tropical Pacific (Fig. 7a) . After its peak in early year 2, negative SST anomalies in the east begin to weaken, and the La Niña conditions gradually transition to El Niño conditions, which peak in late year 3 and early year 4 (Fig. 7h, i) . The onset of the El Niño event takes place in the tropical Pacific through late year 2 and early year 3. Starting from model year 2 when the La Niña condition prevails in the eastern basin, the development into the next El Niño in years 3 and 4 involves a slow process of approximately 1-to-2 years. One pronounced feature during the onset of the El Niño cycle in this ICM simulation is the appearance of a warm SST anomaly off the equator near the date line in middle and late year 2 (Figs. 5d, 7c-e). This warm SST anomaly then extends into the equatorial region near the date line in early year 3 (Fig. 7e, f) . Correspondingly, westerly wind anomalies emerge in the midbasin. The changed trade wind may trigger Kelvin wave, which is evident from Figs. 7f, g, to 8f, g. Then, what initiates and sustains the warm SST anomaly near the date line off the equator in late year 2 (Figs. 5d, 7d) ?
Looking at subsurface anomalies as represented by SSP, two propagating SSP signals with different origins exhibit sequential and coherent eastward propagation along the equator (Fig. 4b) , influencing the SSTs in the equatorial Pacific. One positive SSP anomaly originates near the western boundary in early year 2 (Figs. 4b, 8a) , and another positive SSP anomaly appears in the midbasin in early year 3 (Figs. 4b,  8e ). When the SSP anomalies propagate into the eastern equatorial Pacific, the extent to which they affect T e and SSTs is different. The first SSP signal, being clearly traced to the western boundary as a reflected signal, arrives to the eastern basin in the middle of year 2 but does not trigger an onset of an El Niño event (or it can be said that the effect on the SST is not sufficiently strong to reverse the cold SST anomaly in the east). The second slowly evolving positive SSP anomaly signal is seen along the NECC path (Fig. 8c, e) , inducing thermal responses in the western Pacific. Correspondingly, there appears a warm SST anomaly near the date line first off the equator (Figs. 5d, 7d , e) and then on the equator (Fig. 3a,  7f ) in late year 2 and early year 3, which are accompanied by westerly wind anomalies to the west. The induced anomalies of SST and surface winds form ocean-atmosphere coupling off and on the equator, amplifying rapidly as they propagate eastward across the equatorial basin ( Fig. 7g-i ). Large warm SST anomalies are seen in the east in late year 3 and early year 4 (Fig. 7h-j) , presenting the onset and development processes of the El Niño event. Thus, the SSP field (Fig. 8) carries an interannual memory in the coupled system, with coherent phase propagation representing the influence of previous winds on the ocean, which is still adjusting. Correspondingly, the thermal response, as manifested by T e , follows closely with the SSP field, indicating that the dynamic adjustment in the ocean plays an important role in determining T e variability over the tropical Pacific.
Is El Niño onset directly related to the western boundary reflection?
To explain El Niño dynamics and its interannual oscillation within the tropical Pacific climate system, the so-called delayed oscillator paradigm has been proposed, serving as a negative feedback for ENSO (Schopf and Suarez 1988; Battisti and Hirst 1989) . This theory emphasizes equatorial wave dynamics (the first meridional-mode Rossby wave and its reflection along the low latitude western boundary into a Kelvin wave). The phase reversal in this scenario is realized by an equatorial Rossby wave that is generated midbasin at the peak of El Niño events and propagates westward off the equator towards the western boundary, reflects and returns on the equator as an equatorial Kelvin wave. The slow interannual time scales of observed ENSO evolution (approximately 3-7 years) are attributed to a coupled air-sea instability locally in the midbasin because they cannot be accounted for by these relatively fast equatorial wave processes (i.e., it takes approximately 8 months for an equatorial Rossby wave and approximately 3 months for a Kelvin wave to propagate across the basin). In this subsection, the relationships between the interannual anomalies of SSP, T e and SST are further analyzed to demonstrate that the direct reflection process is not fundamental to the onset of El Niño events in the ICM. Following the La Niña event in late year 1 (Fig. 3a) , there is a strong downwelling signal off the equator (as Rossby waves) in the western Pacific that propagates westward to the western boundary in late year 1 and early year 2 (Fig. 5c) . In early year 2, large positive SSP anomalies are present in the western boundary regions (Fig. 5c) , where a positive SSP anomaly originates as a reflected signal (Fig. 4b) and propagates eastward on the equator as equatorial Kelvin waves (Fig. 4b) . Its arrival to the east in middle year 2 acts to reduce the cold SST anomalies there, but does not completely reverse the cold conditions. Instead, the actual onset of an El Niño does not occur until late year 3, at a time when there is no explicitly reflected signal from the western boundary. In middle and late year 2, a striking warm SST anomaly appears first off the equator in the midbasin, accompanied by the occurrence of westerly wind anomalies over the western regions (Fig. 7d,  e) ; by early year 3, there are noticeable signs of the developing warm event at the sea surface (Fig. 7e, f) . Note that the Kelvin waves that trigger the El Niño event in early year 3 (defining the onset of the El Niño in middle year 3) are generated by wind anomalies near the date line that are associated with the first appearance of the warm SST anomalies off the equator (Fig. 5d) . Thus, the slow transitional processes from the La Niña to El Niño conditions off and on the equator from year 2 through year 4 cannot be ascribed directly to the reflection processes. In addition to the equatorial wave dynamics and reflections at the western boundary as indicated in the delayed oscillator mechanism, other processes must be operating in the system during the onset phase of the warm event in years 2 and 3. These processes need to account for the slow time scales (approximately 1-to-2 years) that are seen to transfer the preconditioned state during the La Niña event off the equator in year 2 to El Niño conditions on the equator in years 3 and 4. To explain the onset process of the El Niño event in years 2 and 3, additional analyses are highlighted below.
The role of off-equatorial T e anomalies during El Niño cycles
As presented above, a prominent warm SST anomaly emerges off the equator at 6°N in middle to late year 2 (Figs. 5d, 7c, d ) and then spreads into the equatorial region near the date line (Fig. 7e, f) . As such, the corresponding westerly wind anomalies can be reasonably explained as an atmospheric response to this midbasin warm SST anomaly. These SST and wind anomalies further form air-sea interactions in the central basin that produce large wind anomalies, leading to the onset of the El Niño event in middle year 3. However, what initiates and sustains the warm SST anomaly near the date line is not known. As shown in Figs. 3, 4, 5, 6, 7, 8 and 9 , a coherent connection can be seen among anomalies of SSP, T e , SST and surface winds off and on the equator. During the La Niña event in year 2, there is a buildup of warm waters in the western Pacific Ocean due to stronger-than-normal trade winds in the central basin, with the SSP in the west increasing steadily in the 2 years preceding the warm event in years 3 and 4. The subsequent evolution into El Niño takes approximately 2 years. A slowly evolving SSP anomaly pattern is evident along the NECC in the western Pacific (Fig. 8c-e) . In particular, the positive SSP anomalies spread eastward and equatorward along the NECC pathways from middle year 2 through early year 3, which in due course acts to produce T e anomalies (Fig. 9c-e) that can affect Fig. 9 The same as in Fig. 7 but for T e anomalies. The contour interval is 0.5 °C SST and wind (Fig. 7d-f) off and on the equator near the date line, respectively.
Indeed, the corresponding large T e anomalies emerge off and on the equator in the western Pacific in years 2 and 3 (Fig. 9) . In particular, large positive T e anomalies off the equator extend towards the equator in the central basin in early and middle year 2 (Fig. 9c-e) , producing a prominent warm SST anomaly that propagates eastward along the NECC path off the equator in mid year 2 (Figs. 5d, 7c-e) . This SST anomaly then develops and extends southward into the equatorial regions in the central Pacific (Fig. 7e,  f) . Additionally, westerly wind anomalies develop over the western and central Pacific (Fig. 7d-f) . During the development of the El Niño in middle and late year 3, warm SST anomalies and westerly wind anomalies grow rapidly in the central basin (Fig. 7f) , producing large SST anomalies that propagate eastward along the equator (Fig. 3a) . The El Niño event occurs at this time.
These results indicate a mechanism by which interannual SST anomalies can be produced along the NECC pathways off the equator in the central basin and can induce westerly wind anomalies over the western tropical Pacific. Thereafter, the resultant SST and wind anomalies develop systematically, amplifying in strength and extending spatially into the equatorial region, triggering the onset of the El Niño. This explanation is different from the delayed oscillator processes in that a major role is played by off-equatorial SSP and T e anomalies propagating along the NECC pathway, not necessarily involving the equatorial wave reflections at the western boundary. This analysis illustrates a clear picture of how an El Niño event can be generated in the tropical Pacific climate system.
A heat budget analysis in the mixed layer
To determine which physical processes are responsible for the interannual SST variability during the El Niño cycle, a heat budget analysis is performed for the mixed layer. The major processes determining the local rate of SST changes (tendency) include horizontal and vertical advection, vertical and horizontal diffusion, and heat flux at the sea surface. Because heat flux always has a damping effect on SST anomalies, it is not shown below.
Figures 10 and 11 illustrate spatial distributions of the budget terms for zonal, meridional and vertical advection, vertical diffusion and their sum at various stages of the simulated El Niño cycle. These figures can be used to illustrate the relative importance of the individual processes affecting SST variability. The contributions of the different terms to the heat budget vary considerably in space and in time during ENSO cycles.
As shown above, one pronounced feature during El Niño cycles in this ICM is the first appearance of a warm SST anomaly off the equator near the date line in middle year 2 (Figs. 5d, 7c, d ). This warm SST anomaly then extends equatorward near the date line in late year 2 and early year 3 (Fig. 7d, e) . Thus, one key question is how this SST warming is generated off the equator in the coupled system. The heat budget analyses indicate that a positive SST tendency appears near the date line off the equator in late year 2 and early year 3 (e.g., Figure 10a5 ), which is mainly attributed to the vertical diffusion effect (Fig. 10a4 ) that is associated with the positive T e anomalies (Fig. 9c-e) . It is thus clear that through vertical diffusion, the positive T e anomalies induce and sustain the warm SST anomaly off the equator near the date line (Fig. 7d, e) , indicating that warm SST anomalies are initiated by T e variability which is associated with SSP anomalies along the NECC path in the western Pacific (Fig. 8) . With time, large SST warming and associated positive vertical diffusion effects are seen in the equatorial regions in spring year 3 (the right panels of Fig. 10) .
On the equator, the heat budget at the developing stage of El Niño in year 3 (the left panels of Fig. 11 ) is dominated by the contribution of zonal advection (Fig. 11a1) in the western and central regions, and by contributions of vertical diffusion, and vertical and meridional advection in the central and eastern region (Figs. 11a2-a4 ). During the peak of El Niño in early year 4 (e.g., Figure 7i ), the heat budget is dominated by contributions of meridional advection and vertical diffusion in the central regions (Fig. 11b2, b4) , and by contributions of vertical advection and diffusion in the central and eastern region (Fig. 11b3,  b4) . In other words, in the central equatorial Pacific, horizontal advection can mainly account for the SST warming (Fig. 11a1) during the development stage, whereas in the eastern equatorial Pacific, vertical advection and diffusion are more important (Fig. 11a4-a4) . The further decomposition of various interannual contributions into perturbation temperature fields advected by mean flow and mean temperature fields advected by anomaly currents indicates that anomaly thermal advection by mean currents plays a dominant role in interannual advection anomalies in the western NECC region off the equator, but advection contributions that are associated with mean and anomaly currents are important in both the central and eastern equatorial regions.
Thus, supported by a strong T e influence, SST anomalies are generated and sustained off and on the equator in the tropical Pacific through vertical diffusion. In particular, the positive T e anomalies produce SST warming off the equator along the NECC path in late year 2 and early year 3. On the equator, the positive thermocline feedback (associated with the vertical advection of anomalous T e by the mean upwelling and vertical diffusion) plays an important role in the rapid growth of SST and wind anomalies. These results indicate that T e plays a dominant role in controlling SST variability in the tropical Pacific. Through the entrainment process, a dynamic adjustment can exert direct and immediate influences on SST over the central and eastern equatorial basin.
Note that there have been a lot works examining the heat budget in the mixed layer associated with ENSO evolution in ocean reanalyses or model simulations (e.g., Huang et al. 2010) . The results obtained from this work are consistent with these analyses and modeling studies, indicating the dominant role played by subsurface processes in SST evolution of the tropical Pacific.
Conclusion and discussion
In this study, an analysis is presented to determine the processes that are responsible for the onset of El Niño events based on a simulation of an intermediate coupled model ( the tropical Pacific. One crucial component of this ICM is the determination of the temperature of the subsurface water entrained into the surface mixed layer (T e ). A novel approach is developed to optimize T e using an inverse modeling of an SST anomaly equation. The ICM, as optimized, can realistically simulate interannual SST variability in the tropical equatorial Pacific because the improved T e calculation adequately represents the subsurface effect on SST variability due to the vertical advection and diffusion terms.
In particular, the ICM can depict ENSO cycles well, with an approximately 4-year oscillation period. The spatial structure and temporal evolution of some related anomaly fields are analyzed to illustrate how an El Niño event can be generated in the tropical Pacific. One striking feature during the onset of El Niño events is the appearance of a warm SST anomaly along the NECC near the date line.
The SSP field serves as an interannual memory in the coupled system, with coherent phase propagation off and on the equator during El Niño evolution. For example, two propagating positive SSP anomaly signals with different origin are evident on the equator during the transition from the La Niña conditions in year 2 to the El Niño conditions in year 3. One originates as a reflected signal directly from the western boundary regions in association with La Niña in year 2. When this signal arrives to the eastern equatorial Pacific in middle year 2, the resultant effect is not strong enough to completely reverse the sign of the cold SST anomalies in the eastern equatorial Pacific. The second positive SSP anomaly signal originates in the middle basin west of the date line in early year 3. When this signal arrives to the eastern equatorial Pacific in middle year 3, it leads to a large surface warming and the onset and development of an El Niño event in middle and late year 3. Since there is no reflected signal directly from the western boundary at this time, the onset of the El Niño event cannot be ascribed to reflection processes as indicated by the delayed oscillator mechanism. Additionally, the transition from the La Niña in year 2 into the El Niño in late year 3 takes approximately 1-to-2 years, a time scale that cannot be accounted for by equatorial wave processes. Other mechanisms are needed to trigger the onset of El Niño event in early year 3. The key is to explain the initial SST warming along the NECC path in the central basin.
A detailed examination indicates that the second propagating SSP anomaly signal (which originates from the midbasin) involves a slow process along the NECC path in years 2 and 3. During La Niña in year 2, the accumulation of warm waters causes large positive SSP anomalies in the western Pacific that tend to spread as a slowly evolving signal along the NECC pathways, with the expected mean circulation in the western Pacific. In particular, the positive SSP anomaly progresses coherently eastward and then southward towards the equator in the central basin in year 2 through year 3. In early year 3, a very large positive SSP anomaly is seen on the equator near the date line that is not associated with the western boundary reflections of the downwelling Rossby waves that are produced during the La Niña in year 2.
Furthermore, these propagating SSP anomalies influence the thermal conditions around the basin, with their coherent relationships with T e and SST off and on the equator near the date line. Indeed, the subsurface thermal response (as manifested by T e ) follows closely with the propagating SSP anomalies, with a well-defined T e pattern exhibiting a slowly evolving anomaly signal along the NECC path in middle year 2 through early year 3. In particular, a positive T e anomaly emerges off the equator in middle year 2, generating and sustaining a warm SST anomaly first off the equator and then on the equator in the western Pacific. When the warm SST anomaly is produced in the central basin, the development of the westerly wind anomaly can be reasonably explained as a response to it. The SST and wind anomalies that are produced can then locally initiate air-sea interactions in the western Pacific, producing large wind anomalies in the midbasin that produce Kelvin waves triggering the onset of the El Niño event in year 3.
Thus, slowly evolving T e anomalies generate a warm SST anomaly off and on the equator along the NECC pathways in the western tropical Pacific that further induces surface wind anomalies. Indeed, the time that is needed for a subsurface anomaly to extend along the NECC pathway to the date line (approximately one year) is consistent with the timing that is involved in the onset phase of the El Niño event. Budget analyses indicate that through vertical diffusion effect, this T e anomaly initiates the warm SST anomaly in middle year 2 and early year 3. Subsequently, these resultant SST and wind anomalies form "coupled interactions" that result in a large-scale relaxation of the trade winds over the western and central equatorial basin, generating eastward currents that transport water mass eastward along the equator, triggering the onset of the El Niño in middle year 3.
The suggested transition mechanism for the onset of El Niño events, ascribing to off-equatorial subsurface anomalies propagating along the NECC pathway, is clearly different from that of the delayed oscillator processes. New to this ICM-based study is the suggestion of a prominent role of off-equatorial T e anomalies evolving in the western tropical Pacific in initiating a warm SST anomaly off and on the equator near the date line. Note that we here only analyze one El Niño simulation in model years 3-4 to discuss this new transition mechanism. To make our results and arguments more convincing, we also look at the other El Niño events produced in the ICM, say in year 8 and year 12 of the simulation. Similar space-time evolution of the related anomaly fields (e.g., SSP, T e and SST) and their interrelationships are seen. So, the results described in this paper are robust and the same transition mechanism is at work during the onsets of all El Niño events in the model.
The observed 1991-1992 El Niño event is one of good examples fitting the processes discussed in this modeling work. As detailed by Kessler and McPhaden (1995) and Zhang and Rothstein (2000) , processes described from the ICM simulation are consistent with the onset and development of the 1991-1992 El Niño event. During the strong La Niña event in 1988-1989, there was a buildup of heat in the western tropical Pacific Ocean for more than a year due to stronger-than-normal trade winds, preconditioning the onset and development of an El Niño event in 1991-1992. In late 1990 and early 1991, there were large warm subsurface temperature anomalies along the western boundary; at this time, however, cold conditions still prevailed in the central and eastern equatorial Pacific. Starting in approximately late 1990 and early 1991, the subsurface anomalies extended eastward over approximately one year off and on the equator along the NECC path, initiating a warm SST anomaly off the equator near the date line that then moved southward onto the equator due to the convergence of mean ocean flow. As the warm SST anomaly was formed off the equator near the date line in late 1990 and early 1991, westerly wind anomalies occurred over the western tropical Pacific that can be reasonably interpreted as an atmospheric response to the warm SST anomalies. Subsequently, the resultant anomalies in the atmosphere and in the ocean induced coupled interactions over the western and central equatorial Pacific, resulting in a large-scale relaxation of the trade winds that triggered a downwelling Kelvin wave propagating along the equator, driving eastward currents that transported water mass from the west to east along the equator, thus triggering the onset of an El Niño in 1992. Note that during the El Nino onset time, there was no obvious reflected signal from the western boundary (Kessler and McPhaden 1995) , indicating that the origin of the El Niño event could not be directly ascribed to the reflection processes. Instead, offequatorial T e anomalies played an important role in generating and sustaining the warm SST anomaly near the date line in middle 1991, inducing westerly wind anomalies and Kelvin waves propagating eastward along the equator, setting up the onset stage for the 1991-1992 El Niño event.
The mechanism for the roles of reflected signals at the western boundary and off-equatorial anomalies seen in this modeling work is consistent in some extent with the so-called western Pacific Oscillator theory (Weisberg and Wang 1997) . In the atmosphere, condensation heating in the western and central Pacific was induced by twin offequatorial cyclones and westerly wind anomalies at the equator. In the ocean, the anomalous wind stress deepens the thermocline and increases the SST in the eastern equatorial Pacific. Positive feedback between wind stress and SST leads to growth of El Niño. Meanwhile, the pair of cyclones raises the thermocline in the far western Pacific, so that SST decreases and sea level pressure increases off the equator in the west. Anomalous high pressure induces easterly wind anomalies which cause upwelling and cooling. The cooling spreads eastwards along the equator and provides a negative feedback onto the warming in the east, thereby creating an oscillating coupled ocean-atmospheric system. Unlike the delayed oscillator theory, this mechanism does not require wave reflection at the western boundary for the coupled ocean-atmosphere system to oscillate. Also, inspection from Fig. 7 indicates that there is the possibility that the off-equatorial thermal anomaly may affect the trade wind along the equator by the so-called footprinting mechanism associated with subsurface heating effect (Alexander et al. 2010) . Further detailed analyses are needed to address the role of this process in the ENSO evolution simulated in the ICM. In addition, as clearly evident from Fig. 3 , ENSO simulations in the ICM are much more regular in both spatial pattern and temporal evolution than in the observations. This is a comment default of the current ICM, and even for some coupled general circulation model simulations. As seen above, ENSO simulated in the ICM with reasonable model parameters is self-maintained and doesn't need extra forcing from the atmosphere, whereas in reality, ENSO is affected (sometime triggered) by atmospheric disturbances and thus becomes pronouncedly irregular in its space-time evolution. In this work, a statistically constructed wind stress model from historical data is used to represent signal part of interannual wind variability responding to SST anomalies, with stochastic wind forcing part being excluded. That may be one of the reasons resulting in the too regular ENSO in the ICM. Our previous modeling work using the ICM indeed indicated that inclusion of stochastic wind forcing effect leads to an irregular oscillation (Zhang et al. 2008) . Here, we identify a deterministic process that can give rise to wind variability in the western tropical Pacific responding to SST anomalies which are generated by off-equatorial thermal anomalies along the NECC regions. The roles of these wind forcings (stochastic vs. deterministic) in observed El Niño onset and evolution need to be addressed in the future.
